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Abstract 
The Titaros ophiolite in Greece is a coherent thrust sheet of oceanic rocL· that lies 
atop Permo-Carboniferous granitic orthogneisses and amphibolites of unknown age 
of the eastern Pelagonian margin in the area NW of Mt. Olympos. It comprises a 
harzburgite tectonite mantle sequence with chromite mineralisation and a well-
developed magma chamber with cyclic units ofdunite-lherzolite-wehrlite-pyroxenite 
that pass upwards into massive gabbros cut by diabase dykes and locally containing 
plagiogranite ponds. Ophiolite mineral and whole-rock chemistry are strongly in 
favour of a supra-subduction zone origin in a purely oceanic setting with the 
occasional brawny signature of melts from subducted sediments. By contrast, the 
basement amphibolites display a clear within-plate tholeiitic affinity with a slight 
imprint of subduction-zone fluids. Mineral stretching lineations and kinematics 
indicators of the orthogneisses and amphibolites suggest a consistent transport 
direction to the WSW. It is proposed that the basaltic protoliths of the amphibolites 
were emplaced during Permo-Triassic rifting of the eastern Pelagonian margin that 
led to the subsequent formation of the Vardar Ocean. The Titaros ophiolite was 
formed during closure of the Vardar Ocean via northeast-directed intra-oceanic 
subduction and subsequent obduction towards the southwest onto the eastern 
Pelagonian margin, probably in the Lower Cretaceous. 
Key words: Wehrlite, rodingite, tawmawite, Raman, supra-subduction zone. 
Περίληψη 
To οφιολιθικό σύμπλεγμα του όρους Τίταρος στην περιοχή ΒΔ του Ολύμπου βρίσκεται 
επωθημένο σε Περμο-Αιθανθρακοφόρους γρανιτικούς ορθογνεύσιους και άγνωστης 
ηλικίας αμφιβολίτες στο ανατολικό περιθώριο της Πελαγονικής μάζας. Αποτελείται 
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από μανδυακό περιδοτίτη χαρτσβουργιτικής σύστασης με κατά τόπους εμφανίσεις 
χρωμίτη και ένα καλά ανεπτυγμένο μαγματικό θάλαμο με κυκλικές ενότητες 
σωρειτικών πετρωμάτων δουνίτη-λερζόλιθου-βερλίτη-πυροξενίτη που μεταβαίνουν σε 
συμπαγείς γάββρους με φωλιές πλαγιογρανιτών και διαβασικές φλέβες στα ανώτερα 
τμήματα τους. Χημικές αναλύσεις ορυκτών και ολικού πετρώματος φανερώνουν 
συνθήκες γένεσης του οφιόλιθου σε ένα καθαρά ωκεάνειο περιβάλλον επάνω από μία 
ζώνη κατάδυσης πλάκας και την περιστασιακή συμμετοχή τηγμάτων προερχόμενων 
από καταδυθέντα ιζήματα. Οι αμφιβολίτες του κρυσταλλικού υπόβαθρου δείχνουν 
σαφή χημική συγγένεια προς θολεϊίτες εσωτερικού πλάκας με μια ελαφρά επίδραση 
από ρευστά καταδυόμενης πλάκας. Εφελκυστικές γραμμώσεις ορυκτών και 
κινηματικοί δείκτες στους ορθογνεύσιους και αμφιβολίτες υποδηλώνουν φορά 
μετακίνησης του οφιόλιθου προς τα ΑΝΑ. Προτείνεται ότι οι βασαλτικοί πρωτόλιθοι 
των αμφιβολιτών τοποθετήθηκαν κατά τη διαμπερή ρήξη του Α. περιθωρίου της 
Πελαγονικής στο Περμο-Τριαδικό η οποία και κατέληξε στη μετέπειτα δημιουργία του 
ωκεανού του Βαρδάρη. Ο οφιόλιθος του Τίταρου σχηματίσθηκε όταν ο ωκεανός του 
Βαρδάρη άρχισε να κλείνει μέσω μιας διαδικασίας ενδο-ωκεάνειας κατάδυσης πλάκας 
με φορά προς τα ΒΑ και επακόλουθη τοποθέτηση του προς τα ΝΑ επάνω στο Α. 
περιθώριο της Πελαγονικής, πιθανόν κατά το Κατώτερο Κρητιδικό. 
Λέξεις κλειδιά: Βερλίτης, ροδινγκίτης, τωμωίτης, Ράμαν, ζώνη κατάδυσης πλάκας. 
1. Introduction 
In the eastern Mediterranean, the 
Hellenides of Greece constitute an 
integral part of the Alpine-Himalayan 
orogenic system and have traditionally 
been subdivided into several NW-SE-
trending geotectonic zones (Fig. 1). 
These zones are grouped into two major 
entities: the External Hellenides, to the 
west, chiefly composed of non-
metamorphosed supracrustal rocks and 
the Internal Hellenides, to the east, 
chiefly composed of crystalline basement 
plus cover units (Papanikolaou 1997). 
Whereas the External Hellenides 
represent part of the passive continental 
margin of the Apulian promontory, the 
Internal Hellenides represent a mosaic of 
terranes of Gondwanan origin 
diachronously accreted to the south­
eastern European margin since late 
Precambrian times (Himmerkus et al. 
2007, Reischmann and Kostopoulos 
2007). 
The Pelagonian Zone belongs to the Internal Hellenides. It is a composite crystalline basement unit 
composed of Neoproterozoic orthogneisses, paragneisses, schists and amphibolites (Anders et al. 
2006a) intruded, in turn, by Permo-Carboniferous granitoids (now mostly orthogneisses; Yarwood 
and Aftalion 1976, Mountrakis 1983, Reischmann et al. 2001, Anders et al. 2006b) and Permo-
Triassic granitoids (Most 2003), and overlain by a Triassic-Jurassic marble cover (see Kilias and 
Mountrakis 1989, for an overview). 
GAWovo - -rapous ZONE 
1 3 fONlANZONE 
• WUO*l(PRE-APULWN)ZONE 
Figure 1 - Geotectonic map of Greece 
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Coherent thrust sheets consisting of ophiolitic rocks occur along the eastern margin of the 
Pelagonian Zone bordering the Vardar Zone (Nance 1981, Schermer 1993). The latter has long 
been regarded as the main oceanic terrane of the Dinaric-Hellenic Alps and contains oceanic rocks 
of upper Middle Jurassic age determined by SHRIMP on zircon separates from plagiogranite pods 
in upper-level gabbros (Zachariadis et al. 2006). Here, we present preliminary results on the 
petrology, geochemistry and microstructures of the Titaros ophiolite complex and associated 
basement rocks in the area northwest of Mt. Olympos, Greece. 
2. Materials and Methods 
For geochemical analyses, the samples were crushed into small pieces and then powdered using an 
agate mill. Sample powder was mixed with lithium tetraborate (1:7) and fused in platinum 
crucibles at ca. 1200° C to prepare fused discs. Major-element data were determined by X-ray 
fluorescence (XRF) on fused discs at the Institut für Geowissenschaften, Mainz, Germany, using a 
Philips MagiX Pro X-ray spectrometer equipped with an Rh-anode tube. Selected trace elements 
were analysed using the same analytical equipment but measured on pressed-powder pellets. 
Relative errors on major and trace elements are usually <2 % and <5 % respectively. Loss on 
ignition (LOI) was determined gravimetrically by heating the samples to 1000° C. Total iron is 
expressed as Fe203. Whole-rock chemical analyses of ophiolitic and basement rocks are tabulated 
in Table 1. 
Mineral analyses were carried out at the Department of Mineralogy and Petrology, Athens, Greece 
and the Institut für Geowissenschaften, Mainz, Germany. The instrument used in Athens was an 
EDS Jeol JSM 5600 equipped with an OXFORD LINK ISIS 300 system, and in Mainz a WDS 
Jeol Superprobe JXA 8900R with ZAF correction provided on-line. The measuring conditions 
were: beam diameter 2μηι, accelerating potential 20 kV, filament current 0.5 nA and counting time 
80 s (Athens), and beam diameter 2 pm, accelerating potential 15 kV, filament current 12 nA and 
counting time 120 s (Mainz). Prior to being loaded into the microprobe, the samples were carbon-
coated under vacuum and then degassed for 5 hours in a vacuum chamber. 
Laser micro-Raman analyses were conducted at the School of Mining and Metallurgical 
Engineering, Athens, Greece. Raman spectra were accumulated using a Renishaw 1000 micro-
Raman instrument. Excitation was achieved using a HeNe laser (632.8 nm). Forward laser power 
was 3mW. The laser beam was focused on the sample via a lOOx objective lens attached to a 
metallurgical Leica microscope. Resolution was approximately 2 cm"1. 
3. Results and Discussion 
3.1. The Titaros ophiolite 
3.1.1. General 
Detailed fieldwork in the area north of Livadi village has revealed a complete, nearly intact, 
magma chamber composed of basal dunites overlain by lherzolite-wehrlite-pyroxenite cumulates, 
in turn overlain by cumulus gabbros that pass upwards into isotropic gabbros which locally contain 
plagiogranite ponds and are intruded by diabase dykes (Fig. 2). The top part of the magma 
chamber is abruptly truncated and no contiguous sections of sheeted dykes and pillow lavas were 
found. The mantle sequence is tectonically detached from the magma-chamber rocks and is 
composed of harzburgite tectonite with local concentrations of chromite ore. Sheeted dykes and 
lavas have not been found as yet in the immediate vicinity of the magma-chamber rocks and must 
have been tectonically transported elsewhere. 
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Figure 2 - Simplified geological map of the Titaros ophiolite area 
3.1.2. Mineralogy 
Primary minerals preserved are olivine and clinopyroxene; spinel has been pervasively 
transformed to ferritchromite (Table 2). Single-pyroxene thermometry (calibration of Bertrand and 
Mercier 1985) applied to analysed clinopyroxenes from the wehrlites yielded temperatures in the 
range 792-987° C for a nominal crystallisation pressure of 2 kb, implying slow cooling of the 
plutonic sequence, well below the liquidus surface of clinopyroxene. Olivine-spinel thermometry 
and oxygen barometry (Ballhaus et al. 1991 formalism) for the harzburgite tectonites has yielded 
values of 624° C and Alog/02(QFM)=+6.3 (i.e. Mt-Hm buffer) respectively at a nominal pressure of 
5 kb, indicating extensive subsolidus re-equilibration and the prominent effect of serpentinisation. 
3.1.3. Metamorphism and laser μ-Raman spectroscopy 
All ophiolitic rocks have been metamorphosed under upper greenschist - lower amphibolite facies 
conditions (500-600° C at P<5 kb) indicated by the stable coexistence of olivine, serpentine, 
chlorite, talc and actinolite in the ultramafic lithologies and a clear preponderance of chlorite, 
actinolite, oligoclase and epidote in the mafic lithologies. It is important to emphasise here the 
discovery, for the first time in Greece, of Cr-rich epidote - known as tawmawite (Grapes 1981, 
Treloar 1987, Devaraju et al. 1999, Oze et al. 2003, Nagashima et al. 2006) - in the wehrlites of 
the cumulate sequence (Table 3). To the best of our knowledge this is the 7th reported tawmawite 
occurrence in the world. Laser micro-Raman spectra obtained for the first time ever for tawmawite 
are shown in Figure 3 along with reference epidote spectra. Tawmawite can be distinguished from 
normal epidote by a well-developed peak of moderate intensity at 831.8 cm"1, four well-developed 
peaks of moderate and nearly equal intensity at 296.7, 328.6, 350.1 and 392.6 cm"1 and by two 
peaks at 230.3 and 247.0 cm"1 that match in intensity the peak at 276.1 cm"1. 
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Table 1 - Whole-rock chemical analyses of ophiolitic and basement rocks 
Sample # 
Rock type 
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Table 1 - Whole-rock chemical analyses of ophiolitic and basement rocks (continued) 
Sample # 
Rock type 
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Table 1 - Whole-rock chemical analyses of ophiolitic and basement rocks (continued) 
Sample # 
Rock type 
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Table 1 - Whole-rock chemical analyses of ophiolitic and basement rocks (continued) 
Sample # 
Rock type 
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-Epidote 1 CALTECH 
Epici« (e 10591 RRUFF 
-TawmawiteLIV3-l 
Tawmawite LIV3-2 
100 300 500 700 900 
Wavenumbers (cm" ) 
1100 1300 
Figure 3 - Laser μ-Raman spectra for tawmawite from the Titaros ophiolite and reference 
epidote spectra 
Worth noting here also is the presence of huge rodingite dykes cutting basal dunites of the magma 
chamber. They are chiefly composed of clinozoisite / epidote with pumpellyite, titanite, rutile, 
phengite and zircon occurring as accessories. Pumpellyite is magnesian and slightly zoned with 
increasing Fe and decreasing Mg content from core (Fe/[Fe+Mg]=0.125) to rim 
(Fe/[Fe+Mg]=0.152). The pistacite content of the epidote-group minerals also varies considerably 
between 8.7 mol% in the early clinozoisite and 20.4 mol% in the late epidote associated with 
pumpellyite formation. The Titaros rodingite is additionally characterised by very low MgO 
content and very high concentrations of Zr, Nb, Th, U, Pb, Sr, Ba and EREE suggesting derivation 
from a felsic crustal protolith. 
Table 2 - Microprobe analyses of clinopyroxene from wehrlite 
Sample 
Oxides (wt.%) 
S i 0 2 




C r 2 0 3 
Total 
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Fe 2 0 3 
CaO 
Cr 2 0 3 
Total 





















































































3.1.4. Geochemistry and tectonic setting 
Petrological types and mineral chemistry (i.e. strongly depleted mantle peridotite, predominance of 
pyroxenes over plagioclase early in the cumulate sequence, presence of Cr-rich spinel and 
clinopyroxene in the mantle and the cumulates respectively) suggest formation in a supra-
subduction zone setting, similar to that of Pindos (Kostopoulos 1989), Vourinos (Noiret et al. 
1981, Beccaluva et al. 1983, Rassios et al. 1983), Troodos (McCulloch and Cameron 1983, 
Robinson 1983, Cameron 1985, Rautenschlein et al. 1985, Bednarz and Schmincke 1994), Oman 
(Pearce et al. 1981, Alabaster et al. 1982) and Marum (Jaques et al. 1983) ophiolites. This is 
strongly supported by N-MORB-normalised multi-element profiles for the diabase dykes (Fig. 4), 
which are typical of those of island-arc tholeiites (Pearce 1982) and boninites, with the occasional 
strong signature of melts from subducted sediments (Plank and Langmuir 1998). It is proposed 
that the Titaros ophiolite was formed during closure of the Vardar Ocean via northeast-directed 
intra-oceanic subduction (see also Stampili and Borei 2002) and subsequent obduction towards the 
southwest onto the eastern Pelagonian margin. 
1000 




Global Subducting Sediment 
Volcanic-arc tholeiite 
Troodos Upper Pillow Lavas Group I 
0.1 
Sr Κ Rb Ba Th Nb La Ce Ρ Nd Zr Siti Ti Y Cr 
Figure 4 - N-MORB normalised multi-element profiles for diabase dykes of the Titaros 
ophiolite and reference rocks 
With regard to the Pelagonian crystalline basement rocks onto which the Titaros ophiolite was 
emplaced, the basaltic amphibolites display N-MORB normalised multi-element profiles (Fig. 5) 
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that are typical of those of within-plate tholeiites (Pearce 1982) and can best be explained by 
moderate degrees of melting of lithospheric mantle material in the stability field of spinel 
lherzolite (Kostopoulos and James 1992). These rocks display a slight negative Nb anomaly and it 
is possible that their source was slightly modified by subduction-zone fluids. This inherited 
subduction-zone signature in the source region of the amphibolites is tentatively assigned to 
Permo-Carboniferous subduction of Palaeotethys beneath the southeastern margin of Laurussia 
that founded the Variscan (Pelagonian) magmatic arc (Stampili and Borei 2002, Anders et al. 
2006b). It is then possible that the basaltic protoliths of the amphibolites were emplaced during 
Permo-Triassic rifting of the eastern Pelagonian margin that led to the subsequent formation of the 
Vardar Ocean. The granitic orthogneisses show ORG-normalised multi-element profiles (Fig. 6) 
that match those of volcanic-arc granites (Pearce et al. 1984), in full agreement with the extensive 
results of Anders (2005) and Anders et al. (2007, submitted). 
100 τ-
Basement basaltic amphibolites, Pelagonian Zone, Greece 
-
o.i - — , , —, r - r — — 
Sr Κ Rb Ba Th Nb La Ce Ρ Nd Zr Sm Ti Y Cr 
Figure 5 - N-MORB-normalised multi-element profiles for Pelagonian basement 
amphibolites from the Titaros ophiolite area and reference WPT composition 
100 ι— 
(Pelagonian Basement granitic orthogneiss 
K20 Rb Ba Th Nb Ce Zr Sm Y 
Figure 6 -ORG-normalised multi-element profile for typical Pelagonian basement granitic 
orthogneiss from the Titaros ophiolite area and reference granite compositions (inset) 
3.1.5. Emplacement 
A systematic record of mineral stretching lineation and kinematics indicators of the metamorphic 
basement to the ophiolite thrust sheets (basaltic amphibolites, granitic orthogneisses) suggests a 
consistent transport direction to the WSW (250°), implying derivation of the ophiolite from an 
oceanic tract lying to the present ENE of the eastern Pelagonian margin, most probably the Vardar 
Ocean. Available radiometric data suggest that ophiolite thrusting most probably occurred in the 
Lower Cretaceous (Yarwood and Dixon 1979). 
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